Many scientists use food webs to portray ecological communities as complex adaptive systems. However, as with other types of apparently complex systems, underlying mechanisms regulate food-web function and can give rise to observed structure and dynamics. These mechanisms can sometimes be summarized by relatively simple rules that generate the ecosystem properties that we observe.
Many scientists use food webs to portray ecological communities as complex adaptive systems. However, as with other types of apparently complex systems, underlying mechanisms regulate food-web function and can give rise to observed structure and dynamics. These mechanisms can sometimes be summarized by relatively simple rules that generate the ecosystem properties that we observe.
This section of the book presents and discusses responses of food webs to trophic interactions, transfer efficiency, length of food chains, changes in community composition, the relative importance of grazing versus detrital pathways, climate change, and the effects of natural and anthropogenic disturbances. In addition, research is beginning to incorporate spatial and temporal dimensions of trophic interactions. Along those lines, several of the chapters extend their scope beyond traditional food-web ''snapshot'' analyses to take into account space and time when assessing changes in food-web structure and species composition.
By comparing food webs from different environments and by encompassing organisms from bacteria to vertebrates, we start to see some common, general constraints that act to shape and change food-web structure and function. These include biological stoichiometry, body-size, and the distribution of interaction strengths. Insights from ecological network analysis also provide new tools for thinking about dynamical and energetic properties of food webs, tools which complement a wide array of more long-standing approaches.
Introduction
In these days of the vaunted genome and the rest of the proliferating ''gnomes' ' (transcriptome, proteonome, metabolome, etc.) and the unveiling of astonishing complex pleiotropy and protein/ genome interactions, it may seem headstrong to propose that there is something more complex than the genome currently under study in modern biology. Nevertheless, we propose that the ''entangled bank'' of food webs, the trophic connections among interacting organisms in ecosystems, is indeed as complex and bewildering as the emerging genome and its products. The complexity increases further when considering the myriad pathways of matter and energy that the species interactions build upon. Consider, for example, a simplified map of central cellular metabolism (Figure 1 .1). Here we can see, in basic outline, the key pathways by which energy and key resources are metabolized in maintenance and growth of the organism. Note the complexity of the diagram both in terms of the numbers of nodes and the numbers and types of connections among different components. As shown by the shading, different parts of the overall metabolism can be classified into different functional roles, in this case into 11 categories. Note also that we used the word ''simplified.'' That is, if we were to zoom in on the nucleotide synthesis area of the diagram, more details would emerge, with more nodes (chemical categories) and pathways appearing (you can do this yourself on the Internet at www.genome.ad. jp/kegg/). Yet more magnification, for example, on purine metabolism would reveal yet more details, finally yielding individual molecules and each individual chemical reaction pathway. The fascinating but intimidating journey just completed should be familiar to food-web ecologists, for whom Figure 1 .1(a) (Lavigne 1996) has achieved near-iconic status as a symbol, sure to stimulate uneasy laughter in the audience, of the daunting complexity confronted by food-web ecologists. If we were to follow the metabolic example and zoom in on the northwest Atlantic food web, we would, of course, encounter more and more detail. The node ''cod,'' for example, might resolve itself into larval, juvenile, and mature cod, each connected, by its feeding, in different ways with other parts of the web. Further inspection might then reveal the individual cod themselves, each with a distinct genome and a unique physiological and behavioral repertoire.
How, then, can we deal with this layered complexity in food webs? And how could any connecting thread of simplicity and unifying principles be spotted in this overwhelming complexity? It is our view that, just as the individual molecules in metabolism are the critical level of resolution for the molecular biologist confronting the genome and its products, the level of the individual organism should be of central importance for the food-web ecologist. This is because, just as particular individual molecules (not classes of molecules) are the actual participants in metabolic networks, it is individual organisms (not species, populations, functional groups) that do the actual eating (and thus make the trophic connections) in food webs. Thus, organism-focused reasoning based on sound physiological principles is likely to be of great assistance in unraveling food webs. Furthermore, the constituents of food webs are not fixed entities; rather, they are products and agents of continuous evolutionary change. And since evolution operates primarily at the level of individual reproductive success, it seems that evolutionary thinking should play a central role in understanding how and why food webs are shaped the way they are.
Molecular/cell biologists coming to grips with the daunting complexity of the genome and its products (Figure 1 .1) have a powerful ally in the fact that each node of a metabolic network is the product (and a reactant) in an enzymatically driven chemical reaction. Thus, all parts of the network must obey strict rules of mass balance and stoichiometric combination in the formation and destruction of the constituent parts. Indeed, these simplifying principles form the basis of various emerging theories through which cell biologists hope to make progress in understanding functional interconnections among genes and gene products in metabolism (e.g. metabolic control theory, Dykhuizen et al. 1987; Wildermuth 2000; stoichiometric network theory, Hobbie et al. 2003; metabolic flux balancing, Varma and Palsson 1994) . But why should such powerful tools be left to molecular biologists?
Luckily, food-web ecologists can also take advantage of the considerable traction afforded by the firm laws of chemistry because, just as every node in a biochemical network is a chemical entity, so is every node in a food web. That is, each individual organism forming a connection point in Figure 1 .1(b) is an aggregation of biochemicals and chemical elements and is sustained by the net outcome of the coupled biochemical pathways shown in Figure 1 .1(a). Thus, the interactions among food-web components in terms of consumption (and the feedbacks imposed by nontrophic relations of excretion and nutrient regeneration) are also constrained by the firm boundaries of mass balance and stoichiometric combination. These principles and their applications are known as ''ecological stoichiometry'' (Sterner and (b) (a) Figure 1 .1 Two entangled banks demonstrating the intimidating task that lies before biology. Ultimately, food webs (a) (Lavigne 1996) are the outcome of dynamic interactions among various organisms that acquire resources from the abiotic environment and each other in order to drive their metabolism (b) (www.genome.ad.jp/kegg/) and leave offspring. Elser 2002), while their more recent extension to the realms of evolutionary biology, behavior, physiology, and cellular/molecular biology are known as ''biological stoichiometry '' (Elser et al. 2000b ). The approach of ecological stoichiometry simplifies the bewildering ecological complexity in Figure 1 .1(b) by focusing on key ecological players in food webs and characterizes them in terms of their relative carbon (C), nitrogen (N), and phosphorus (P) demands. In biological stoichiometry, metabolic complexity in Figure 1 .1(a) is simplified by focusing on major biochemical pools (e.g. rRNA, total protein, RUBISCO) that determine overall organismal demands for C, N, and P and attempts to connect those biochemical demands to major evolutionary forces operating on each organism's life history or metabolic strategy.
In this chapter we will review some basic principles and highlight some of the most recent findings from the realm of ecological stoichiometry in food webs, to illustrate how a multivariate perspective on energy and chemical elements improves our understanding of trophic relations. More details of these (and other) matters are available in Sterner and Elser (2002) ; in this chapter we seek to highlight some findings that have emerged since publication of that work. We will then discuss recent movements to integrate stoichiometric study of food webs with the fact that food-web components are evolving entities and that major evolutionary pressures impose functional tradeoffs on organisms that may have profound implications for the structure and dynamics of food webs. Our overarching view is that stoichiometric theory can help in integrating food-web ecology and evolution into a more comprehensive framework capable of making a priori predictions about major food-web features from a relatively simple set of fundamental assumptions. In advocating this view we hope to continue to add substance to the vision of food webs offered nearly 100 years ago by Alfred Lotka (1925):
For the drama of life is like a puppet show in which stage, scenery, actors, and all are made of the same stuff. The players indeed 'have their exits and their entrances', but the exit is by way of a translation into the substance of the stage; and each entrance is a transformation scene. So stage and players are bound together in the close partnership of an intimate comedy; and if we would catch the spirit of the piece, our attention must not all be absorbed in the characters alone, but most also be extended to the scene, of which they are born, on which they play their part, and with which, in a little while, they merge again.
Stoichiometric imbalance, ''excess'' carbon, and the functioning of food webs
Conventional food-web diagrams show binary feeding links among species. Flowchart analyses of food webs go beyond a binary depiction of feeding relations in using dry-weight, energy (Joules), or carbon as a common currency to express the magnitude of particular connections. The advantage of using C-based flow charts is quite obvious since, not only does C account for some 50% of dry mass in most species and taxa, it also allows for inclusion on import and export of inorganic carbon in the same scheme. However, with the realization that the supply and availability of P is a key determinant of the binding, flux, and fate of C in freshwater food webs, in many cases more information may be gained from P-based flow charts. Such a view will also provide a better representation of the recycling of elements, and thus differentiate between ''old'' and ''new'' production. In a P-limited system, any extra atom of P will allow for binding of more than 100 atoms of C in autotroph biomass. Due to different elemental ratios in different food-web compartments, conventional flowchart diagrams will normally turn out quite different in terms of C or P (Figure 1 .2). Neither is more ''true'' or correct than the other; instead, each provides complementary information on pools and key processes. Since P is a conservative element that is lost from aquatic systems only by sedimentation or outflow, it will normally be frequently recycled and may thus bind C in stoichiometric proportions a number of times over a season
In addition to pictures of who is eating whom in food webs, we need to understand the outcome of those feeding interactions for the consumer. ''Trophic efficiency'' is key aspect of food webs that captures important aspects of this outcome (here we use ''efficiency'' to refer to the fraction of AQ: Please check 'bindary' has been changed to 'binary' energy or C produced by a certain level that is transferred to higher trophic levels). Efficient trophic systems typically have steep slopes from autotrophs at the base of the food web to top predators, and subsequently should also support a higher number of trophic levels than less efficient systems. Typically, planktonic systems are among those with high trophic efficiency, with forests on the extreme low end (Hairston and Hairston 1993; Cebrian and Duarte 1995; Cebrian 1999) . Several explanations may be invoked to explain such patterns but, as argued by Cebrian et al. (1998) , surely the high transfer efficiency of C in planktonic systems may be attributed to both high cell quotas of N and P relative to C (high-quality food for reasons given below) coupled with decreased importance of low-quality structural matter like lignins and cellulose that are poorly assimilated. A striking feature of the cross-ecosystem comparison compiled by Cebrian et al. (1998) is the close correlation paths among autotroph turnover rate, specific nutrient (N, P) content, and the trophic efficiency. These associations make perfect sense from a stoichiometric point of view: while consumers are not perfectly homeostatic (cf. DeMott 2003), they have a far closer regulation of elemental ratios in somatic tissue than autotrophs (Andersen and Hessen 1991; Hessen and Lyche 1991; Sterner and Hessen 1994) and their input and output of elements must obey simple mass balance principles. As a general rule, limiting elements are expected to be utilized for growth and transferred in food chains with high efficiency, while nonlimiting elements, by definition present in excess, must be disposed of and may be recycled (Hessen 1992; Sterner and Elser 2002) . Thus, when feeding on low C : N or low C : P food, a considerable share of N and P may be recycled (Elser and Urabe 1999), while C-use efficiency is high (Sterner and Elser 2002). However, typically autotrophs have higher C : element ratios than consumers (Elser et al. 2000a ). Thus, when consumers feed on diets that are high in C : N or C : P, nutrient elements are reclaimed with higher efficiency by the animal (Elser and Urabe 1999), while much of the C is unassimilated and must be egested, excreted, or respired (DeMott et al. 1998; Darchambeau et al. 2003) . Since herbivore performance is strongly impaired in these high C : nutrient systems, more C must enter detrital pathways, as is clearly shown by Cebrian's studies.
These factors point to fundamental differences between ecosystems not only with regard to the transfer and sequestration of carbon, but also with regard to community composition and ecosystem function in more general terms. While realizing that pelagic food webs are among the most ''efficient'' ecosystems in the world, there is certainly a huge scatter in trophic efficiency also among pelagic systems, that is, considerable variation appears when phytoplankton biomass or production is regressed against zooplankton (Hessen et al. 2003) . Such scatter may be caused by time-lag effects, external forcing, algal species' composition, and associated biochemistry as well as by top-down effects, but it is also clear that alterations in trophic transfer efficiency due to stoichiometric constraints could be a strong contributor. Thus, understanding food-web dynamics requires understanding the nature and impacts of nutrient limitation of primary production.
Stoichiometry, nutrient limitation, and population dynamics in food webs
Since nutrient limitation of autotroph production only occurs, by definition, when nonnutrient resources such as light are sufficient, a particularly intriguing outcome of stoichiometric analysis in freshwaters, and one that is rather counterintuitive, is that high solar energy inputs in the form of photosynthetically active radiation may reduce secondary (herbivore) production (Urabe and Sterner 1996; Sterner et al. 1997; Hessen et al. 2002; Urabe et al. 2002b ). The rationale is as follows: when photosynthetic rates are high due to high light intensity but P availability is low (a common situation in freshwaters), C is accumulated in biomass out of proportion with P. Thus, C : P in the phytoplankton increases, meaning potential reduced C-use efficiency (P-limitation) in P-demanding grazers such as Daphnia. The outcomes of such effects have been shown by Urabe et al. (2002b) , who applied deep shading that reduced light intensities nearly 10-fold to field enclosures at the Experimental Lakes Area, where seston C : P ratios are generally high (Hassett et al. 1997) and Daphnia have been shown to be P-limited (Elser et al. 2001) . The outcome was a nearly fivefold increase in zooplankton biomass in unenriched enclosures after the five-week experiment.
However, the negative effects of high algal C : P ratio on zooplankton can be a transient situation and high energy (light) input may eventually sustain a high biomass of slow-growing zooplankton, as demonstrated by long-term chemostat experiments (Faerovig et al. 2002; Urabe et al. 2002a) . At a given (low) level of P, high light yields more algal biomass than low light treatments, but with lower food quality (higher C : P). The net outcome will be slow herbivore growth rates at high light, with a higher asymptotic biomass of adults. This is because high growth rate and high reproduction require a diet that balances the grazer's demands in terms of energy, elements, and macromolecules, while a standing stock of (nearly) nonreproducing adults can be sustained on a low-quality diet since their basic metabolic requirements mostly rely on C (energy). This implies a shift from a high to low biomass: production ratio. Eventually, the nutrient constraint in low quality (high autotroph C : P) systems may be overcome by feedbacks from grazers. Such intraand interspecific facilitation (Sommer 1992; Urabe et al. 2002a ) may induce a shift in population dynamics under a scenario of increasing grazing since an increasing amount of P will be available per unit of autotroph biomass due to the combined effect of grazing and recycling (cf. Sterner 1986).
Thus, understanding the biological role of limiting nutrients in both autotrophs and consumers provides a basis for better prediction of how population dynamics of herbivores should respond to changing environmental conditions that alter nutrient supply, light intensity, or other environmental conditions. However, surprisingly little attention in mainstream textbooks on population dynamics has been given to food quality aspects (e.g. Turchin 2003). According to the stoichiometric growth rate hypothesis (described in more detail later) and supported by an increasing body of experimental data (Elser et al. 2003) , taxa with high body P-contents commonly have high growth rates and can thus rapidly exploit available resources but are probably especially susceptible for stoichiometric food quality effects. What are the dynamic consequences of this under different conditions of nutrient limitation in the food web? For reasons given above, the a priori assumption would be that predator-prey interactions should be more dynamic when the system sets off with high quality (low C : P) autotroph biomass. Low autotroph C : P will stimulate fast growth of the consumer and relatively high recycling of P for autotroph reuse; the system should therefore rapidly reach an equilibrium where food abundance is limiting to the grazer. On the other hand, a system with high C : P in the autotrophs should have slow grazer response and low recycling of P, yielding sluggish and perhaps erratic dynamics as the system operates under the simultaneous effects of changing food abundance, quality, and nutrient recycling. Indeed, recent models (Andersen 1997; Hessen and Bjerkeng 1997; Loladze et al. 2000; Muller et al. 2001 ) taking grazer P-limitation and recycling into account clearly demonstrate this kind of dynamic dependency on resource and consumer stoichiometry. As demonstrated by Figure 1 .3 (Hessen and Bjerkeng 1997), the amplitudes and periods of autotroph-grazer limit cycles depends both on food quantity and quality. When P : C in the autotroph becomes low, this constrains grazer performance and a high food biomass of low quality may accumulate before the grazer slowly builds up. With assumptions of a more efficient elemental regulation in the autotroph (i.e. lower minimum P : C), limit cycles or amplitudes will be smaller, but the periods will increase.
One intriguing feature of stoichiometric modeling is the potential extinction of the grazer, like a P-demanding Daphnia, under a scenario of high food biomass but low food quality (Andersen 1997; Hessen and Bjerkeng 1997) . External enrichment of P to the system will also invoke strong shifts in system dynamics due to stoichiometric mechanisms (Andersen 1997; Muller et al. 2001) . The relevance for these theoretical exercises for natural systems remains to be tested, however. Clearly the assumption of two compartment dynamics represent an oversimplification, since a considerable share of recycled P and organic C will enter the bacteria or detritus pool, thus dampening the dynamics predicted from the simplified model assumptions.
Thus, one central outcome of stoichiometric theory in consumer-resource systems is deviation from the classical straight Lotka-Volterra isoclines (Andersen 1997; Murdoch et al. 2003) . From these analyses, it appears that a combination of inter-and intraspecific facilitation during periodic nutrient element limitation by consumers results in a deviation from straightforward negative density À1 ), Q a : algal P : C (mg P : mg C). In the upper panel, the lower bound of Q a (Q min ) is set to 0.010(a), while Q min in the lower panel is 0.003(b). P : C in the grazer (Q z ) is in both cases fixed at 0.018. By increasing Q z (higher P : C ratio, lower C : P ratio) slightly in the lower scenario, the grazer will go extinct, and the system will stabilize at a high algal biomass near Q min . dependence in consumer populations and a much richer array of population dynamics appears. In this way, stoichiometry can provide a logical explanation for Allee effects (positive densitydependence) and hump-shaped curves for densitydependent responses.
Much of the preceding discussion has had herbivores and other primary consumers (e.g. detritivores) in mind. What about the role of stoichiometry higher in food webs? Since metazoans do not vary too much in their biochemical makeup, predators are less likely to face food quality constraints compared with herbivores and especially detritivores (Sterner and Hessen 1994) . Fish in general have high P requirements due to investment in bone (Sterner and Elser 2002); this could be seen as another reason, in addition to their large body size, why P-rich Daphnia should be preferred prey relative to P-poor copepods. A more important issue is, however, how the predicted dynamics due to stoichiometric mechanisms might be associated with the potential prey susceptibility to predators. A reasonable assumption would be that grazers in low food quality systems would be more at risk for predatory mortality simply because, all else being equal, slow growth would render the population more susceptible to the impacts of any given rate of mortality loss. However, the effects might not quite be so straightforward. For example, fastgrowing individuals generally also require high rates of food intake; in turn, more active feeding might increase predation risk (Lima and Dill 1990) . Furthermore, there may be some inherent and unappreciated physiological-developmental impacts associated with rapid growth such that overall mortality is elevated in fast-growing individuals, over and above potentially accentuated predation risk (Munch and Conover 2003).
Stoichiometry, omnivory, and the evolution of food-web structure
The fact that different species or taxa have different stoichiometric or dietary requirements has important bearings on the dietary preferences that weave food webs together. Ecologists have commonly generated a coarse classification of species and developmental stages according to their mode of feeding (carnivores, omnivores, herbivores, detritivores, filtrators, raptors, scavengers, etc). We suggest that it might also be useful to adopt a subtler categorization based on dietary, stoichiometric requirements. In fact, in many cases the more specific dietary requirements of a taxon may be the ultimate cause for an organism being a carnivore or a detritivore and, as we discuss below, is probably also an important factor contributing to widespread omnivory among taxa. Hence one could speak about the ''stoichiometric niche'' of a particular species, in the sense that species (or stages) with high P (or N) requirements would succeed in situations that supply nutrientrich food compared with species with lower nutrient requirements. For example, for freshwater food webs it has been suggested that when planktonic algae are deprived of P and develop high C : P ratios, P-demanding species like Daphnia acutely suffer from ''P-starvation'' and, probably due to decreased C-use efficiency, become competitively inferior to less P-demanding members of the plankton community like Bosmina (DeMott and Gulati 1999; Schulz and Sterner 1999). Thus, the stoichiometric niche space available to Bosmina may extend to higher regions of food C : P than in Daphnia. But what about the other end of the C : P continuum? Interestingly, in a brand-new stoichiometric wrinkle, recent evidence shows that extremely low C : P may cause decreased growth in Daphnia (Plath and Boersma 2001) and the caterpillar Manduca sexta (Perkins et al. 2003) . While the mechanistic bases of these responses remain obscure, they appear to represent the other side of the stoichiometric niche in the P-dimension.
Another aspect of stoichiometric effects on biodiversity and food-web structure relates to the number of trophic levels and the degree of omnivory. Hastings and Conrad (1979) argued that the evolutionary stable length of food chains would be three, and that the main determinant of the number of trophic levels is the quality of primary production (and therefore, to at least some degree, its C : nutrient ratio) and not its quantity, as is often implied in discussions of food-web length. Omnivory may be seen as a compromise between exploiting large quantities of low quality resources at low metabolic cost, or utilizing lower quantities of high-quality food at high metabolic costs. From a stoichiometric point of view, omnivory may be seen as a way of avoiding nutrient deficiency while at the same time having access to a large reservoir of energy. This ''best of two worlds'' strategy is clearly expressed as life-cycle omnivory, like in crayfish where fast-growing juveniles are carnivorous, while adults chiefly feed on detritus or plants (cf. Hessen and Skurdal 1987) .
The fact that organisms can be potentially limited not only by access to energy (carbon) but also by nutrients has obvious implications for coexistence of potential competitors. While this principle has been well explored for autotrophs (e.g. Tilman 1982), the same principle may be invoked for heterotrophs with different requirements for key elements (cf. Loladze et al. 2004) . In fact, this will not only hold for interspecific competition, but also for intraspecific competition, since most species undergo ontogenetic shifts in nutrient requirements. Indeed, it now seems that this coexistence principle can be extended to explain the evolution and maintenance of omnivory (Diehl 2004) , since utilization of different food resources in species with different nutrient contents promotes and stabilizes feeding diversification.
Biological stoichiometry: the convergence of ecological and evolutionary time It should be clear from the preceding material that stoichiometric imbalance between food items and consumers has major effects on the dynamics and structure of key points in the food web and especially at the autotroph-herbivore interface. Indeed, the effects of stoichiometric imbalance on herbivores are often extreme and suggest that there should be strong selective pressure to alleviate these impacts. The fact that such impacts nevertheless remain implies that there may be fundamental trade-offs and constraints on evolutionary response connected to organismal stoichiometry. So, why is it that consumer organisms, such as herbivorous zooplankton or insects, maintain body nutrient contents that are so high that they often cannot even build their bodies from available food? Why do some species seem to be more sensitive to the effects of stoichiometric food quality? In this section we follow the advice of Holt (1995) by describing some recent findings that illuminate some of these evolutionary questions in the hopes that perhaps in the future we will encounter Darwin as well as Lindeman in the reference sections of food-web papers.
Beyond expanding the diet to include more nutrient-rich prey items and thus inducing omnivory as discussed earlier, another obvious evolutionary response to stoichiometrically unbalanced food would be for a consumer to evolve a lower body requirement for an element that is chronically deficient in its diet. Several recent studies emphasizing terrestrial biota have provided evidence for just such a response. Fagan et al. (2002) examined the relative nitrogen content (%N of dry mass, N : C ratio) of folivorous insect species and documented a significant phylogenetic signal in which the recently derived insect group (the ''Panorpida,'' which includes Diptera and Lepidoptera) have significantly lower body N content than the more ancestral groups Coleoptera and Hemiptera which were themselves lower than the still older Lower Neoptera. Their analysis eliminated differences due to body size, gut contents, or feeding mode as possible explanations for the pattern. They noted that the divergence of major insect groups appears to have coincided with major increases in atmospheric CO 2 concentrations (and thus high plant C : N ratio) and hypothesized that clades of insects that emerged during these periods of ''nitrogen crisis'' in plant biomass were those that had an efficient N economy. Signs of evolutionary response to stoichiometric imbalance in insects is also seen at a finer scale in studies by Jaenike and Markow (2002) and Markow et al. (1999) , who examined the body C : N : P stoichiometry of different species of Drosophila in relation to the C : N : P stoichiometry of each species' primary host resource. Host foods involved different species of rotting cactus, fruit, mesquite exudates, and mushrooms and presented a considerable range in nutrient content. They showed a significant correlation between host nutrient content and the nutrient content of the associated fly species: taxa specializing on nutrient-rich mushrooms had the highest nutrient contents (in terms of %N and %P) while those specializing on the poorest quality resource (mesquite flux) had the lowest body nutrient contents. Signs of evolutionary response to stoichiometric resource limitation can be found even in the amino acid structure of proteins themselves. Using genomic data for the prokaryote Escherichia coli and the eukaryote Saccharomyces cerevisiae, Baudoin-Cornu et al. (2001) showed that protein enzymes involved in C, N, or S metabolism were significantly biased in favor of amino acids having low content of C, N, and S, respectively. That is, enzymes involved in uptake and processing of N were disproportionately constituted of amino acids having relatively few N atoms, a response that makes adaptive sense.
These studies suggest that heterotrophic consumers can indeed respond in evolutionary time to reduce the degree of stoichiometric imbalance between their biomass requirements and their often-poor diets. And yet the overall nutrient content (e.g. %N and %P) of herbivorous animals (zooplankton, insects) remains at least 10-times and often 100-to 1,000-times higher than is found in autotroph biomass (Elser et al. 2000a) . Some fundamental benefit of body nutrient content must exist. The nature of the benefits of higher body nutrient content is perhaps becoming clearer now based on work emerging from tests of the ''growth rate hypothesis'' (GRH hereafter), which proposes that variation in the C : P and N : P ratios of many organisms is associated with differences in growth rate because rapid growth requires increased allocation to P-rich RNA (Hessen and Lyche 1991; Sterner 1995; Elser et al. 1996; Elser et al. 2000b) . In this argument, a key life history parameter, growth or development rate, is seen to inherently require increased investment in P-intensive biochemicals, implying a trade-off in that fastgrowing organisms are likely to find themselves constrained by an inability to acquire sufficient P from the environment or diet. Work with zooplankton and other organisms such as insects and microbes now makes it clear that the fundamental core of the GRH is correct (Figure 1.4(a) ): in various comparisons involving physiological, ontogenetic, and cross-species comparisons, P-content increases with growth rate (Main et al. 1997; Carrillo et al. 2001; Elser et al. 2003; Makino and Cotner 2003) , RNA content also increases with growth rate (Sutcliffe 1970; Vrede et al. 2002; Elser et al. 2003; Makino and Cotner 2003; Makino et al. 2003) , and, importantly, increased allocation to RNA quantitatively accounts for the increased P content of rapidly growing organisms (Elser et al. 2003 ; Figure 1.4(a) ). The mechanistic connections among RNA, P, and growth appear to manifest quite directly in how nutrient supply affects herbivore dynamics, as illustrated in a recent study of a plant-herbivore interaction in the Sonoran Desert ( Figure 1.4(b) ). In this study (Schade et al. 2003) , interannual variation in rainfall led to increased soil P supply under wet conditions, which in turn lowered foliar C : P in velvet mesquite trees. Consequently, mesquite-feeding weevils had higher RNA and correspondingly higher P contents, consistent with a P-stimulated increase in growth rate, along with higher population densities on mesquite branches with low foliar C : P. In sum, these findings of tight and ecologically significant associations of growth, RNA, and P contents suggest that major aspects of an organism's ecology and life history have an important stoichiometric component. Given the strong effects of stoichiometric imbalance in trophic relations (Figure 1.3) , it seems then that evolutionary adjustments bearing on growth rate will impact on the types of organisms and species that come to dominate key positions in food webs under different conditions.
Thus, better understanding of the genetic basis and evolutionary dynamics of the coupling among growth, RNA, and P may help in understanding how food webs self-organize. Elser et al. (2000b) suggested that the genetic basis of variation in growth and RNA (and thus C : P and N : P ratios) lies in the genes encoding for RNA, the rDNA. In particular, they reviewed evidence suggesting that rDNA copy number and length and content of the rDNA intergenic spacer (IGS, where promoter-enhancer sequences are found) were key variables underlying growth rate variation because of their effects on transcriptional capacity and (a) Variation in allocation to P-rich ribosomal RNA explains variation in the P-content of diverse heterotrophic organisms. The data included in this plot involve data from E. coli, Drosophila melanogaster, and various crustacean zooplankton including Daphnia. Individual relationships involve interspecific comparisons, changes during ontogenetic development, and changes due to physiological P-limitation. In each case, RNA-rich (and thus P-rich) data were from organisms with relatively fast growth rate.
A relationship fit to all of the data combined has a slope of 0.97 and an R 2 of 0.78. Figure from Elser et al. (2003); (b) transmission of soil P into herbivore ribosomes affects population dynamics. In a study of a desert ecosystem, interannual variation in rainfall led to interannual differences in soil P availability (upper left panel) to velvet mesquite trees (Prosopis velutina), leading to a decrease in foliar C : P ratio (upper right). In response, mesquite-feeding weevils (Sibinia setosa) had higher RNA and P contents (bottom left) and thus achieved higher population densities (bottom right) when rainfall and soil P supply was higher. Figures from Schade et al. (2003) ; (c) artificial selection for five generations on weight-specific fecundity (top left panel) in parthenogenetic Daphnia pulicaria produced correlated changes in juvenile growth rate (top right) and in juvenile RNA and P contents (bottom left). Selected lines differed in the relative proportion of individuals carrying both long and short IGS or just the long IGS: high fecundity lines with slow-growing juveniles were dominated by the mixed genotype while low fecundity lines with fast-growing juveniles were dominated by individuals carrying only the long IGS. Figures from Gorokhova et al. (2002) . thus rates of RNA production. Thus, rDNA variation may also be linked to differences in stoichiometric requirements of biota. Emerging data suggest that indeed it is the case that variations in the rDNA can have important stoichiometric ramifications (Gorokhova et al. 2002; Weider et al. 2004) .
Of these data, most striking is the study of Gorokhova et al. (2002) , who performed an artificial selection experiment on the progeny of a single female of Daphnia pulex, selecting on weightspecific fecundity (WSF) of the animals. The treatments responded remarkably fast to the selection regimen-animals selected for low fecundity were significantly lower than random controls or high fecundity selected animals within three rounds of selection. After five rounds of selection, animals were assayed for juvenile growth rate along with RNA and P contents. The analyses showed that lineages showing low WSF had experienced a correlated inverse response of juvenile growth rate; that is, these females with low WSF produced offsprings that grew faster, offering an opportunity to test the growth rate hypothesis. As predicted by the GRH, these fastgrowing juveniles had elevated RNA and P contents compared to the slower-growing counterparts in the control and high-selected lines ( Figure  1.4(c) ). To determine if these differences have a genetic basis, animals were screened for variation in the IGS of their rDNA. Consistent with the idea above that high RNA (fast growth) phenotypes should be associated with long IGS, a disproportionate number of the (fast-growing, high RNA, high P) animals in the low fecundity treatment carried only long IGS variants while (slow-growing, low RNA, low P) animals in the high WSF and control lines disproportionately carried both long and short IGS variants. Recall that this experiment involved selection on the offspring of a single parthenogenetic female and all offspring throughout were also produced by parthenogenesis. Nevertheless, it appears that functionally significant genetic variation can arise in a few generations even within a ''clonal'' organism, as is becoming increasingly recognized (Lushai and Loxdale 2002; Loxdale and Lushai 2003; Lushai et al. 2003) .
If the results of Gorokhova et al. are confirmed and shown to hold for other biota that comprise food webs, then we would suggest that there is reason to question the traditional distinction between ecological and evolutionary time. That is, ecologists are used to considering species shifts (e.g. during seasonal succession in the plankton) in terms of the sorting out of various ecological transactions such as competition and predation among taxa that have fixed genetic structure on the timescale of the study. The results of Gorokhova et al. suggest that, even with a clonal organism, genetic recombinations with important ecophysiological impacts can arise on time scales that would easily be encompassed, for example, by a single growing season in a lake. This same point of rapid evolution in food webs is also demonstrated by studies of rapid evolution of digestibility-growth trade-offs in rotifer-algae chemostats (Fussmann et al. 2003 , Yoshida et al. 2003 . Not all evolutionary change requires the slow propagation of small point mutations through the vast protein library that comprises the genome. Indeed it is becoming increasingly obvious that the genome can reorganize quickly via structural mutations that affect regulatory regions and gene copy number and via gene silencing/unsilencing mechanisms such as those resulting from insertion/deletion of transposable elements. It is interesting to note that transposable elements have a significant role in silencing copies of the rDNA in Drosophila (Eickbush et al. 1997 ) and have been identified in the rDNA of various other taxa, including Daphnia (Sullender and Crease 2001). To the extent that these reorganizations impact traits that are ecophysiologically relevant (such as those that affect RNA production and thus organismal C : N : P stoichiometry), the shifting genomes of interacting species will need to be incorporated (somehow!) into food-web ecology.
Conclusions
Lotka's ecological play remains to a large degree a mysterious entertainment. There is a long road ahead for food-web ecologists before we can expect to really understand how food webs self-organize and are sustained in their complex interplay with the abiotic environment. So, in some ways this chapter is a plea for a form of a ''biosimplicity'' research program in approaching food-web study. That is, Darwin unlocked the key to the origin of the biosphere's bewildering biodiversity with his breathtakingly simple algorithm of variation and selection. Perhaps the complexity we see in food webs is more apparent than real and will also come to be seen to be the product of a simple set of rules ramifying through time and space. Bearing in mind the warning ''if your only tool is a hammer then every problem looks like a nail,'' for the moment we propose that the minimal biosimplicity ''rulebox'' should include the Darwinian paradigm along with the laws of thermodynamics, mass conservation, and stoichiometric combination. What kind of food-web structures can be built using such tools given the raw materials circulating in the biosphere?
Answering such a question will take some time and a large quantity of cleverness and a certain amount of courage. We can take some solace in the fact that we will be traveling this long road toward understanding of biological complexity with our colleagues who study the genome and its immediate metabolic products. While they might not themselves always realize that highthroughput sequencers and microarray readers do not necessarily result in high throughput of the conceptual insights that might make sense of it all, a time will come (or has it already?) when all biologists, from the geneticists to the ecologists, will lean on each other for insight and necessary data. For guidance at this point we turn to the American poet Gary Snyder whose poem ''For the Children'' begins with what sounds like a familiar problem:
The rising hills, the slopes, of statistics lie before us. the steep climb of everything, going up, up, as we all go down.
The poem ends with the advice: stay together learn the flowers go light So, building on this counsel, perhaps we should try to stay together with our colleagues who are confronting the genome, adapting their tools, data, and ideas to better understand our own questions, and perhaps offering some insights of our own. We do need to learn the flowers, their names, and the names of those who eat them, and of those who eat those too. But, especially these days when the genomics juggernaut threatens to bury us all in a blizzard of data and detail, perhaps we should try to go light, approach the problems with a simplified but powerful toolbox that includes stoichiometric principles, and see what major parts of the puzzle will yield themselves to our best efforts.
